A new approach to analyze the p53 mutation database of the European Molecular Biology Laboratory for a comparison of mutation spectra is described, with the aim of investigating organ specificity of etiological factors and putative organ-to-organ relationships in cancer pathogenesis. The number of entries of each nudeotide-and base-pair substitution-specific mutation was divided by the total number of tumors analyzed. For each organ pair, the difference of the ftequencies was calculated (absolute values) and, going through all mutations, the sum of the mutation-specific frequency differences was cakulated. Resulting values could range from 0 (fill concordance) to 2 (fill discordance). Skin, lung, and urnary bladder showed highly independent mutation spectra (maximum discordance value = 1.48 for sin versus brain), in agreement with the presence ofspecific factors responsible for a large number ofthe respective tumors (VV light, smoking, aromatic amines). The three organs with the smallest sum of discrdance values were mammary gland (breast), colon, and esophagus. The minimum organ-to-organ discordance value was 0.95, for stomach versus colon. For these organs, common, possibly also endogenous, cancer risk factors could be postulated as contributing to the observed mutation spectum. The remaining cancers (ovary, sarcoma, leukemia/lymphoma, brain, head and neck, and stomach, in order of increasing discordance) were of intermediate range and showed a mix ofvalues. Reasons for dose relationship to some of the other organs and marked diffirences to others are discussed.
The p53 tumor-suppressor gene is mutated in approximately 50% of human cancers, and the spectra of substitution mutations have been analyzed to elucidate tumor pathogenesis (1, 2) . The major issue has been the identification and discussion of the most frequently mutated codon sites ("hot spots") and the analysis of the prevalence of the various types of base-pair substitutions.
A database of all published p53 substitution mutations in human tumors and cell lines is available on-line through the European Bioinformatics Institute or through the International Agency for Research on Cancer (3) . More than 5,000 mutations had been collected by 1996. The database represents a unique source of information that can be analyzed in many different ways. A recent example concerning the organ specificity has been published by Lasky and Silbergeld in EHP (4) .
Base-pair substitutions are the result of mispairing during DNA replication. This mispairing can be due to primary DNA lesions, such as DNA adducts, or to spontaneous replication errors. DNA adducts are formed both by exogenous carcinogens (5) and endogenous agents (6) . The adduct profile is not only carcinogen and base specific but appears to be position specific also. For instance, site-targeted formation of carcinogen-DNA adducts contributes to the p53 mutation spectrum seen in lung cancer (2' ). Therefore, if mutation spectra can be analyzed not only for the frequency of specific types of base-pair substitution but also in terms of position, this might improve the analysis of relationships between organs with respect to the etiology of the respective tumors.
Methods
Database and selection ofenties. The 
Results
The organ-to-organ relationship for the mutation spectra in the p53 gene was analyzed by calculating the relative frequencies of position-and base pair-specific substitution mutations for each organ, and then summing up organ-to-organ differences of the frequencies over all mutations. The results are shown in Table 2 Number of tumor analyzed Figure 1 . Sum of organ-to-organ discordance values for 18 organs, as a function of the number of tumors analyzed. Abbreviations: ubl, urinary bladder; bra, brain; mam, mammary gland (breast); col, colon; eso, esophagus; h&n, head and neck; I&l, leukemia and lymphoma; lun, lung; ova, ovary; sar, sarcoma; ski, skin; sto, stomach; kid, renal; thy, thyroid; pro, prostate; ute, uterus; cer, cervix; pan, pancreas. (9, 10) . The lung exhibited the second most large organ-to-organ discordance values. Tobacco smoking is the prominent organ-specific risk factor. However, smoking is also involved in the formation of other tumors, such as tumors of the head and neck and the esophagus. Why were these organs not closely related to the lung in the present analysis? One explanation might lie in the fact that it is not smoking alone, but the combination of smoking and excessive alcohol drinking which is responsible for some 75% of esophageal and 90% of head and neck cancers, whereas alcohol does not appear to be a risk factor in lung cancer (11, 12) . Furthermore, the result of the present analysis could support the idea that the smokerelated carcinogens which dominate the process in the lung are different from those operating in pharynx, larynx, and esophagus.
Tumors of the urinary bladder also appeared to have little in common with other organs, including the lung (organ-to-organ value 1 .32), although cigarette smoking is also a risk factor for bladder cancer. However, the association with smoking is much stronger for lung cancer than for bladder cancer. The relative risk for smokers compared to nonsmokers to develop lung cancer is 11.3, whereas for bladder cancer the relative risk is only 2.2 (13, 14) . Second, as previously suggested by DNA adduct studies, aromatic amines are a major risk factor for bladder cancer (15) , whereas carcinogenicity of cigarette smoking for the lung appears to be based primarily on other carcinogens, such as polynuclear aromatic hydrocarbons and nitroso compounds, and is strongly modulated by tumor-promoting aspects of smoking-associated toxicity (16) . Hence, the dissimilarity in p53 mutation spectra between the lung and the urinary bladder reflects both qualitative and quantitative differences in the role of cigarette smoke carcinogens for the two organs. This distinct p53 mutation spectrum in bladder tumors was also reported in a previous comparison with the mutation spectra of smoking-related lung tumors and smokingindependent colon cancer (17 The colon showed the largest number of close relationships with, for example, the hormone-dependent tissues of the mammary gland and the ovary, as well as with brain and leukemia/lymphoma. More refined analyses will be required to investigate which of these relations are based on similar pathogenesis.
Tumors of the head and neck and the esophagus were also closely interrelated. This is in line with regular alcohol consumption, particularly when combined with cigarette smoking. Genotoxic aldehydes, both present directly in cigarette smoke as well as in intermediate metabolites of alcohol, could form the common link. Because aldehydes are also important secondary products of lipid peroxidation, this class of carcinogens could also account at least in part for other relationships, for which no sound explanation can be given at this time.
Leukemias/lymphomas displayed similarities with cancers of brain and colon, and large discordance to cancers having known exogenous risk factors, such as skin, lung, and bladder. C-G to T-A transitions at CpG sites, possibly as a result of oxidative deamination of 5-methylcytosine, were particularly frequent in tumors of the brain, colon, stomach, and endometrium and in hematological cancers (1) . Hence, although specific chemicals and viruses may be contributing factors, Environmental Health Perspectives * Volume 106, Number 4, April 1998 the present analysis would support the hypothesis of a strong endogenous component in the etiology of leukemias and lymphomas.
The mutation pattern of tumors of the mammary gland (breast cancer) was clearly distinct only from the one in skin tumors (1.40) but revealed relationships above average with all other organs (<1. 19 ) and even showed a value of 1.13 with the lung. The closest relationship was observed with the ovary, another hormone-dependent organ. Although exogenous factors contribute at least to a certain extent to the breast cancer risk, established factors cannot account for the majority of breast cancers. The association with high intake of animal fat is increasingly contested, and exposure to polycyclic aromatic hydrocarbons (PAHs) known to cause mammary gland cancer in animals has not been strongly associated with breast cancer in humans (18, 19) . The present analysis would support the multifactorial etiology without prominent specific factors.
Discussion
The database on p53 mutations in human tumors provides a unique opportunity to investigate the molecular epidemiology of cancer. In this paper, the question of whether the mutation spectra in different organs can be analyzed to reveal etiological similarities and differences was addressed.
The analysis identified organs with little relationship to others, reflecting a rather independent pathogenetic mechanism based on specific exogenous factors (skin, lung, bladder). On the other hand, the hormone-dependent tissues of the breast and ovary, gastrointestinal tumors, as well as leukemia/lymphoma and brain tumors showed substantial overlap. The hypothesis of a common pathway in the pathogenesis of these tumors, for instance by background DNA damage, could be formulated. This is supported by a descriptive epidemiological analysis that revealed relatively small differences between incidence rates reported worldwide for some of these cancers (8) . However, it cannot be excluded that two organ-cancers have quite diverse etiology and still have a similar mutation spectrum. More information on the specificity of mutational fingerprints of different carcinogens will be required to shed more light on this question.
The mutation spectrum in a tumor is the result of two main factors: the nature of the DNA damage and the ability of the mutations formed to convey an advantage to the cell in terms of clonal expansion and tumor progression. The latter property results in so-called hot spots. The question therefore is whether hot spots should be included in the present analysis of etiologic factors or whether they distort the situation and are better omitted.
In a recent analysis, hot spots were shown not to be universal for all organs, and the distribution of base-pair changes over hot spots also varied by cancer (4) . Based on our analysis, for instance, the share among all mutations of the hot spot mutation CGT to TGT in codon 273 ranged from 0.4% in head and neck tumors to 10.6% in the brain. The CGT to CAT mutation in codon 273 contributed between 1.6% in lung and 6.7% in the mammary gland. Therefore, hot spots do retain some organ-specific features and could be included in the present type of analysis. In fact, when we restricted our analysis to those mutations that contributed less than 3% of all documented mutations, no additional information could be derived in terms of etiological specificity (data not shown). The inclusion of the hot-spot mutations in the present analysis therefore did not interfere with our interpretation. However, this is not a general rule and does not exclude the possibility that certain other questions may be better addressed by a separate analysis of hotspot and non-hot-spot-mutations.
Recent epidemiological studies with cigarette smokers indicated a markedly steeper rise of the incidence of adenocarcinoma compared with squamous cell carcinoma of the lung (20) (21) (22) . In the past, the association between adenocarcinoma and cigarette smoking was considered to be weak or even questionable, mainly based on the fact that adenocarcinoma is the most frequent type among nonsmokers. The percentage of cigarettes with filter tips increased from 0.56% in 1950 to over 90% in the 1980s. The nicotine concentration from filter-tip cigarettes is severalfold lower. Hence, the smoker of filter-tip cigarettes tends to inhale more deeply and smoke more intensely, so that the smaller bronchi and bronchio-alveolar regions, the site of origin of adenocarcinomas, are exposed to higher amounts of lungspecific smoke carcinogens (15) . Due to the long latency period of lung cancer development, a small proportion of lung cancers investigated today is due to smoking of unfiltered cigarettes in the past decades, when adenocarcinoma may not have been related very strongly to tobacco smoke. The results of the present analysis are in agreement with the epidemiological evidence that in recent years smoke-induced lung tumor formation is not confined to one cell type.
In the past, much information has been collected on the relative abundance of specific types of base pair substitutions in tumors of various organs. For instance, the strong independence of the mutation spectrum of skin tumors is a result of the unusual abundance of C to T transitions, considered to be a consequence of UV light-induced dimer formation at tandem pyrimidine sites. In colon tumors, 63% of the base pair changes were reported to be G to A transitions; the G to T transversion contributed only 9% (1). In the lung, the ratio was 24%:40%, consistent with DNA adducts from bulky carcinogens such as PAHs, which have been shown to lead predominantly to G to T transversions. In breast tumors, the ratio was 36%:13% (i.e., somewhere in between, indicative of the multifactorial process of carcinogenesis in the mammary gland). Such data, together with the knowledge of the relationship between specific adducts and their mutation spectra, should now be combined with the position-specific information derived from the present analysis in order to take filll advantage of the possibilities of the molecular epidemiologic approach.
The focus of the present analysis was the base pair-specific, quantitative, organto-organ comparison of the complete p53 mutation spectra. It allowed a number of interesting hypotheses to be formulated. Numerous aspects may have been overlooked, and others may only be discovered with a more refined analysis, especially by stratifying the data by histological type and information on specific exposures. This will be possible as the database increases in size and adopts a more consistent terminology for the entries.
